Grain formation in ejected envelopes of novae is investigated. The solar abundance is assumed as one of the typical examples that C/0 is smaller than unity. The magnesium silicate is proved to be the first main condensate. We estimate the monomer concentration c, (t,) at the onset of condensation to be about 10'cm-3 for L1M=3x10-'l\1Ie and Vexv =lOOOkm sec-1 • (Ll1\I is the ejected mass and Vexp is the expansion velocity.) Then we calculate the time variation of the concentrations of magnesium-silicate grains on the basis of the nonsteady nucleation theory. The size distributions are found to be flat or diffuse and have no conspicuous peak. The boundary whether grains are formed or not is determined mainly by the amount of the ejected mass. The lower limit of the ejected mass for the grain formation is about w-• Me. The maximum radius of grains is estimated to be about 50A for c, (t,) =5 X 10'cm-3 • § 1. Introduction
Recently, the development of infrared observations has revealed the existence of infrared excesses of some novae. Geisel et al.ll and Hyland and Neugebauer2l observed the infrared excess of Nova Serpentis 1970. Geisel et al. reported that in 50 days after its discovery the infrared luminosity started to increase and reached the peak after 90 days. They suggested that the infrared excess of Nova Serpentis 1970 was due to the thermal emission from grains formed m the ejected envelope. Westphal and Neugebauer~} observed the infrared excess of r; Carinae. This object is said to be an old nova. On the other hand, Kawara et al. 4 J reported that Nova Cygni 1975 did not show the infrared excess within their observational accuracy.
Clayton and Wickramasinghe 5 J investigated the growth process of grains on the basis of a simple model and calculated the development of the infrared emission from these grains.
They assumed the ejected gas is composed mainly of carbon and discussed the formation of graphite grains. However, the chemical composition of the ejected gas has not been well known as yet. According to the theoretical work of Starrfield et al.,6l the abundances of C, N and 0 are several times the solar abundance with some variety dependent on models. However, the abundance ratio C/0 is smaller than unity according to their calculation. In this case, carbon atoms will be almost all depleted in CO molecules and cannot condense into graphite grains. The elemental abundances heavier than C, N and 0 have not been studied. Thus, we assume the abundance of nova ejecta to be the solar abundance 71 as one of the typical examples that c;o is smaller than unity, and investigate what grain materials will condense on the basis of the thermochemical calculations. Magnesium silicate is proved to be the first main condensate as described later.
Grain formation processes in various astrophysical environments have been studied based on the steady state nucleation theory, 81~101 the chemical equilibrium calculations 111 or the simple calculations of considering the sticking process alone. 12 J Taking into account the sticking process alone will give the most optimistic results. The steady state nucleation theory and the chemical equilibrium calculations are applicable so far as the time scales of variation of the temperature and density are long compared with the nucleation time lag such as in stellar atmospheres. In nova envelopes, however, the situation is quite different in that the time variation of temperature and density is so rapid that the steady state nucleation theory is unapplicable. In this paper, we derive the nonsteady nucleation formalism suitable for treating the present problem. On the basis of this formalism, we describe the grain formation process in nova envelopes and investigate the condition in which grains are formed.
In § 2, thermodynamical and chemical properties of ejected envelopes are described. Chemical species of condensates and the temperature and density at the beginning of condensation are estimated. The basic equations for nonsteady nucleation problem are given in § 3. In § 4, numerical results are presented with the estimate of maximum size of grains and of the lower limit of the ejected mass to form grains. Discussion is presented in § 5. § 2. Thermodynamical and chemical properties of ejected envelopes
The thermodynamical behavior of the ejected gas envelope is not established either theoretically or observationally.
We assume a spherically symmetric expansiOn for simplicity. We also assume the uniformity of temperature T and number density n of the envelope. This assumption is enough for the limited purpose of a rough estimate of the number density at the onset of the condensation of grains. Since the optical depth of the envelope for UV and visible radiation is much larger than unity until the temperature of the envelope decreases to r v 10 4 K, the energy balance LlQ/ Llt is given by Figure 1 shows that the nearly radiative equilibrium state is realized at the condensation temperature, irrespective of the choice of the parameters. The outer radius of the envelope R and the number density of gas n are related with the temperature T as and therefore, The method of the calculation is the same as those of Grossman, 13 ) Salpeter 14 l and others. 15 l We are concerned with a lower pressure region (P=10-5 "-'10-3 dyn cm-2 ) than their cases. Thermochemical data on elements and compounds are from JANAF Tables. 16 l For the standard parameters (the dash-dotted curve in Fig. 2 ), the condensation temperatures of Al,03, Mg,SiOJo MgSiO,, SiO, and Fe are found to be 1404 K, 1075 K, 1068 K, 1014 K and 988 K, respectively. An increase by one order of the gas pressure corresponds to an increase of only several tens of degrees for the condensation temperature of each condensate.
Corundum (Al,03) is the first condensate, but the abundance of AI is lower than Si by about one order. Therefore we neglect Al20 3 grains. Magnesium x10-'Me (the upper dashed curve), 3 X 10-' Me (the dash-dotted curve), and 3 X 10-' Me (the lower dashed curve). P is the total gas pressure.
10 4 KIT silicate (forsterite (Mg2Si0,) or enstatite (MgSi03)) is considered to be the first main condensate. In the following, the condensation process of magnesium-silicate grains is discussed in detail.
At the condensation temperature T 1 under the condition of chemical equilibrium, the nucleation process begins to work. At the onset of nucleation, the gas density and the outer radius of the envelope are given by n1 =n(T1) and R 1 = R (T1), respectively. The time elapsing after the out burst is (2· 6) with a constant expansion velocity. We obtain n 1 = 3 X 10 9 em -•, R 1 = 4 X 10 14 em and t 1 =50 days for the standard values of .!ll'vf, ' lJ and L*, Vexp = 1000 km sec-1 and T 1 =llOO K. § 3.
Kinetic equations of grain formation
The nucleation in nova envelopes is to be solved by considering that it Is a nonsteady process and the temperature and the density decrease with time.
Courtneym and Abraham 18 l studied a nucleation process in a nonsteady stage before the steady state is realized with initial conditions of given supersaturated states. They treated these transient phenomena by integrating numerically the master equations for each size of embryos under the condition of constant temperature. Feder et al. 19 l investigated a formation of water droplets in a cloud chamber assuming an expansion to be adiabatic. Since the nucleation time lag is much shorter than the expansion time scale of cloud chamber, however, they used The reason why we should use the nonsteady theory for the nucleation in nova envelopes is that the nucleation time lag is about the same order as the expansion time scale (of the ejected envelope). The temperature decrease with time is also to be taken into account. Thus we use the master equations, m which the temperature-dependent coefficients are functions of time.
Clusters of condensate grow or decay by a set of monomer reactions,
where A 9 represents a cluster which contains g molecules of A. Since the number density of monomers is much larger than that of the clusters with g>2 in the early stage of the condensation process, and since the features of grain formation are almost determined in this stage as shown later, we can neglect the growth by cluster-cluster collisions.
For the formation of magnesium silicate, matters are rather complicated. The condensation process of magnesium silicate, for example, Mg2Si04 is not a set of simple monomer reactions as Eq. (3 ·1). Since the sticking of SiO molecules is essential for forming the solid silicate, however, we can simplify the problem without changing an essential feature as follows. Namely, we consider that the magnesium-silicate grains are formed through the set of reactions of Eq. (3 ·1),
where the A means an SiO molecule and the A 9 , a cluster which consists of g Mg2Si04 (or MgSi03) molecules.
We denote the concentration of A 9 clusters by c 9 and the specific volume by E. The specific volume means the volume of the envelope divided by the volume of the envelope at time t1 (at the onset of condensation). The master equations are given by (3· 2) where fa= Eca ( t) / c1 ( t 1 ). The coefficients Pa, r 9 and q 9 are the sticking rate, the evaporation rate and their sum, respectively. The sticking rate Pa is given by (3· 3) where aa, c1 (t), (5 9 and (v) are the sticking probability, the number density of monomers, a surface area of an A 9 cluster and the mean thermal velocity of monomers respectively. Here we take a 9 to be unity for any g. If a 9 =f1, the grain formation time scale just increases by 1/ a 9 times on the assumption that a 9 is independent of g. With the aid of the principle of detailed balance, the evaporation rate r 9 is related to the sticking rate as The vapor pressure of the condensable matter at temperature T is approximated as log Pv (T) = -av + bv.
T (3·6)
In this problem, Pv (T) is taken to be the SiO partial vapor pressure over magnesium-silicate condensate. From Fig. 2 
As already assumed, the expansion velocity Vexv is constant, and the width of the envelope increases in proportion to the outer radius R. Then the time dependence of E is given by
E= (t/3rY. (4· 2)
Here we take r1 to be 10 6 The fraction of monomers which survive without condensing into grains is less than one-tenth at E=2 in Cases Band C. In Case A, large clusters (g>100) are hardly formed. Even in this tenuous case, monomers are consumed for making small clusters. Only one.-thirds of them survives at E = 2, and the further consumption of monomers continues.
In our model, E = 2 corresponds to 10 clays after the onset of condensation.
The results suggest that almost all the monomers of condensable elements condense into grains within several tens of days after the explosion when c 1 (t1) is larger than 5 X 10 4 cm-3 • The total mass of grains J.lf" is about 1.5 X 10-6 2\. In order to illustrate the feature of gram formation m nova envelopes, we refer to the condensation process in stellar atmospheres. In the latter case, the monomer concentration is so high that the steady state nucleation theory has been applied. In our case, the supersaturation ratio S is about 10 at E = 1.4. This value is larger than the corresponding values in stellar atmospheres like carbon stars. sJ~JoJ Moreover, in the stellar atmospheres, a sudden drop of the supersaturation ratio is expected because of the rapid consumption of monomers. 8 > However such a sudden drop cannot be found in our case, because even in Cases B and C the monomer density is not so high as in the stellar atmospheres that the collision frequency of monomers with clusters is relatively low.
Though the steady state may not be realized in nova envelopes, a consideration of the steady state nucleation rate may serve to clarify the feature of grain formation. The steady state nucleation rate Js is given by The dashed curves are the size distributions which are expected from the steady state theory. The arrows point the critical sizes at these points.
where K is a constant determined by the grain material and LIG* 1s the free energy of formation of the critical cluster. Figure 5 shows that J, mcreases rapidly after the onset of condensation, takes a maximum at E = 1.9 (Case A), 1.6(Case B) and 1.4(Case C), respectively and decreases slowly after the maximum.
In each case, the critical size gm * at the maximum of J, is below 10, although these values may be beyond the limit of applicability of the capillarity approximation. On the other hand, the nucleation rate in the dense gas drops off suddenly after its maximum and the critical size is relatively large. Thus the slow decrease of J, and the smallness of gm * are considered to be a general feature in low density and rapid cooling environments. In Fig. 7 , the size distributions at E = 2.25 for the three cases are shown.
These are regarded as the final distributions. To form many large clusters, the is used. For the typical envelope conditions such as r1 = 10 6 sec, T 1 = 1100 K and c1 (t1)=5X10 4 cm-3 , 5X10 5 cm-3 and 5X10"cm-3 , the maximum size amax is 5A, 50A and 500A, respectively.
For c1 (t1)<5X10 4 cm-3 , amax becomes smaller than 5A and loses its physical meaning. Thus, it is necessary for c1 ( t 1 ) to be larger than 5 X 10 4 em ·· 3 , at least, corresponding to Jll1 of 1 X 10-4 A1 0 for the abundance adopted here.
It is noted that the maximum size amax is several hundred A or less. Novae will not be able to supply micron or submicron grains into the interstellar space, (1) The boundary whether the grains are formed or not m nova envelopes is determined mainly by the amount of the ejected mass. From Fig. 7 and the estimate of amax, c1 (t1) should be larger than 5 X 10 4 cm-3 to form grains. Therefore, the ejected mass iJJ\.1 should be larger than about 10-4 M 0 for the abundance adopted here, assuming the expansion velocity Yexp = 1000 km sec -1 . In view of this criterion, the infrared excess novae such as Nova Serpentis 1970 seem to have iJJ\.1 larger than this critici!l mass. On the other hand, Nova Cygni 1975 does not.
It is noted that if the ejected mass is larger than this critical mass, we can expect that almost all the condensable elements condense into grains within several tens of days after the explosion (within about ten days after the onset of condensation).
According to Starrfield et al. 6l , the CNO abundances in their nova ejecta models are several times enhanced. If the abundances of Si and Mg are also enhanced, the critical mass will become smaller in proportion to the degree of the enhancement.
(2) It is characteristic that the s1ze distributions are flat or diffuse and have no such peak as those in cool stellar atmospheres. 8 l The particle sizes are widely distributed from, say, several hundred A to the order of A. this tendency is considered to be general in which the gas density is low and the expansion time scale is short. Therefore, a number of very small grains are formed in these environments. Nova envelopes may be the sources of very small grains which are demanded from the discussions on the interstellar far UV extinction/ 2 > and the interstellar condensation nuclei. 23 > (3) The chemical composition of the ejected gas is not well known, especially for the elements heavier than CNO. We have assumed here the solar abundance as one of the typical examples that C/0 is less than unity. Then, the first main condensate is magnesium silicate. Unfortunately, however, we have no observations as yet which indicate the 10,u feature that is characteristic to silicate grains.
Further observations are needed for the future novae.
If c;o is larger than unity as in the atmospheres of carbon stars, graphite grains will be formed. 5 l' 24 ) For graphite grains, the condition for the formation will be satisfied more easily than silicate because of the higher abundance of carbon and of the higher condensation temperature. However, it is not assured that c;o is larger than unity.
Anyway, the abundances of the ejected gas should be studied further as well as the future observations of novae to investigate the composition of grains formed In nova envelopes.
